J
unD belongs to the Jun family of the AP1 transcription factor complex. The Jun proteins via their basic-leucine zipper (bZIP) domains can form homodimers or form heterodimers with the bZIP domains of Fos and the activating transcription factor͞cAMP-response element-binding protein (ATF͞CREB) proteins; these dimers bind to promoters at specific DNA elements (TRE or CRE sites) and regulate transcription (1) . These AP1 proteins are important in tumorigenesis and other processes (2, 3) , so JunD, like other AP1 proteins, could also contribute to neoplasia. JunD binds directly to menin, which is encoded by the MEN1 tumor suppressor gene (4, 5) . In fact, among all of the AP1 transcription factors, only JunD binds directly to menin (4) .
MEN1 mutation causes hereditary and nonhereditary tumors (6, 7) . The tumor suppressor function of menin is supported (i) by germ-line and somatic mutations of MEN1 that mostly predict menin protein truncation or absence, and (ii) by accompanying tumor-specific loss of chromosomal alleles about the MEN1 locus, which is consistent with biallelic menin inactivation (7) . In addition, overexpression of menin in Ras-transformed NIH3T3 cells partially reverts the transformed phenotype, further supporting menin's growth suppressor function (8) . However, the mechanism by which menin might act as a growth suppressor in concert with JunD or with any of its other 10 identified protein partners is unknown (9, 10) .
JunD and menin interact near the N terminus of each. Engineered JunD missense mutations at amino acids 41-44 in the menin-binding region of mouse JunD, and in a conserved amino acid in the corresponding region of human JunD (amino acid 34), disrupt mutant JunD binding to menin, and also disrupt the ability of menin to suppress the transcriptional activity of the mutant JunD (11); effects, if any, of these JunD missense mutations on growth have not been reported. In a reciprocal manner, several tumorigenic, missense mutations in menin (mostly in the region from amino acids 139-242) disrupt its binding to JunD, and also disrupt the ability of mutant menin to repress JunD transcriptional activity (4) .
JunD behaves differently from related cJun and JunB proteins (12) . Overexpression of cJun, and to a lesser extent, JunB, is capable of transforming avian and rodent fibroblasts (13) . Furthermore, cJun can also cooperate with Ras to transform rodent fibroblasts (12) . In contrast, overexpression of JunD in rodent fibroblasts suppresses proliferation and also antagonizes Ras-mediated transformation (12) . Furthermore, fibroblasts from cJun Ϫ/Ϫ mice exhibit a defect in proliferation even after immortalization (14) . In contrast, immortalized JunD Ϫ/Ϫ mouse embryo fibroblasts show increased proliferation (15) . Given the growth suppressor properties of JunD, it would be paradoxical for menin's growth suppressor function to be mediated mainly by inhibiting the activity of JunD, another growth suppressor. Herein, growth indices are explored for JunD with or without compromise of its possibility to bind menin.
Materials and Methods
Cell Culture, Transfection, and Cyclin D1 Assay. Cell lines were grown in complete DMEM supplemented with 10% FCS, 2 M glutamine, and 100 g of penicillin-streptomycin per ml at 5% CO 2 . Transfections were carried out with Superfect reagent (Qiagen, Valencia, CA).
Cells were synchronized for cyclin D1 testing (16) . Immortalized fibroblasts were plated in triplicate, and one plate was used for making whole-cell extracts of exponentially growing cells (E). Two plates were serum-starved by culturing in medium with 0.5% FCS for 48 h; after 48 h, one of the plates was used to make extracts of serum-starved cells (SS). The other plate was cultured in medium with 20% FCS for another 5-6 h to generate extracts of serum-induced cells (SI).
embryos (17) . JunD-WT (Yaniv Laboratory name WT) is a spontaneously immortalized fibroblast line matched for the JunD-HET and JunD-NULL genetic background.
Multiple endocrine neoplasia type 1 (Men1)-NULL-17 and Men1-NULL-41 are Men1 Ϫ/Ϫ spontaneously immortalized fibroblasts from E8.5-E10.5 mouse embryos in which Men1 exons 3-8 was homozygously deleted (18) . Men1-WT-10 is a line of wt immortalized fibroblasts of this same preparation and genetic background, which is a different genetic background than for JunD-WT. Men1 wt and Men1 Ϫ/Ϫ immortalized fibroblasts will be described elsewhere.
Stable Cell Lines. Plasmid constructs for stable transfections were made in the pcDNA3.1-hygro vector (Invitrogen). The inserts from pcDNA3.1-mouse-JunD, pcDNA3.1-mouse-JunD G42E , or pcDNA3.1-cJun (4, 11) were excised with HindIII/NotI and ligated into the corresponding sites of the pcDNA3.1-hygro vector (named pcDNA3.1-hygro-mJunD, pcDNA3.1-hygromJunD G42E , and pcDNA3.1-hygro-cJun). Immortalized fibroblasts were transfected and selected in medium containing hygromycin-B, 300 g/ml for Men1-WT-10 and Men1-NULL-17; 500 g/ml for JunD-NULL-2; and 600 g/ml for Men1-NULL-41. After 2 weeks of selection, independent hygromycinresistant colonies were collected individually with cloning cylinders and then expanded. Names of stably transfected cell lines were suffixed as follows: vector (V), mJunD (JD), mJunD G42E (G42E), and cJun (JC). The amount of transfected protein in each line was determined for several passages by Western blot and immunofluorescence. Cell lines for comparison were matched on the same genetic background and passage. Microscopy and photomicrography were performed with an Axiovert-450 inverted phase contrast microscope (Zeiss).
Western Blots. For Western blot of nuclear extracts (NE), immortalized fibroblasts were cultured in 10-cm plates and washed with 1ϫ Dulbecco's PBS (DPBS); NE were prepared by using the NEPER kit (Pierce). For whole-cell extracts (WCE), cells were washed with 1ϫ DPBS and lysed in 1ϫ lysis buffer (Promega). Protein samples (25 g for NE and 50 g for WCE) were separated in 10% Tris-glycine SDS͞PAGE gels (Invitrogen), transferred to nitrocellulose membranes, and hybridized with appropriate antibodies [SQV (19) ; JunD (sc-74), cJun (sc-1694), and cyclin D1 (sc-718) from Santa Cruz Biotechnology]. Blots were developed by enhanced chemiluminescence. Antibodies against p84 (Genetex) or NUMA (Babco, Richmond, CA) were used to compare membrane loading.
Proliferation Assay. Proliferation was tested by a colorimetric assay using the CellTiter 96 aqueous one solution cell proliferation assay kit (Promega). Cells (1,500-3,000 per well) were plated in triplicate in 96-well flat-bottomed plates in 100 l of complete DMEM or complete DMEM with the appropriate amount of hygromycin B. Proliferation was monitored later in the day (day 1) and/or every other day (days 2, 4, 6, and 8 after plating). For proliferation in low serum, 24 h after the cells were plated, the medium was changed to 100 l of DMEM containing 0.5% FCS supplemented with the appropriate amount of hygromycin-B. All proliferation assays were performed as at least three independent experiments at separate times.
Colony Formation in Soft Agar. Assays were performed in duplicate (8) . In brief, 5,000-6,000 cells were resuspended in 3 ml of molten 0.33% agar and poured over a 5-ml solidified layer of 0.66% agar made in complete DMEM. Agar plates were incubated for 2 weeks and observed for colony formation.
JunD Mutation Analysis. DNA from non-MEN1 parathyroid tumors (20) , insulinomas, and gastrinomas was analyzed. The N-terminal 100-aa region of hJunD was amplified from tumor DNA and two control DNA samples by PCR, using primers hJD1A-GCCGAATTCCGGAGGATGGAAACACCCTT-CTAC and hJD1C-GCCGGATCCCTTCAGCAGCCCCAG-GTCGGGAGAG, with TaqGold (Applied Biosystems). PCR products were sequenced with primer JD1-CGGAGGATG-GAAACACCCTTCTAC by using an ABI3700 automated sequencer (MWG Biotech, High Point, NC). immortalized fibroblasts (JunD-NULL-2) with normal menin levels (above) were stably transfected with vector alone, mJunD, or mJunD G42E (mJunD missense mutant that cannot bind to menin). Three independent stable lines each of vector as control or overexpressing either mJunD or mJunD G42E with matched expression levels were studied ( Fig. 2 A and B) .
Results

JunD or Menin as Possible Stable Regulators of Each
As previously reported (15) , the proliferation rate of JunD-NULL-2 was increased, compared with JunD-WT (Fig. 2C) . In medium containing low serum (0.5% FCS) and compared with JunD-NULL-2 or vector-transfected JunD-NULL-2 (data not shown), JunD-NULL-2-JD-4 and JunD-NULL-2-JD-6, expressing higher levels of mJunD than wt, showed reduced proliferation, whereas JunD-NULL-2-G42E-4 and JunD-NULL-2- G42E-6 expressing higher levels of mJunD G42E showed increased proliferation (Fig. 2C) . In medium containing 10% FCS, untransfected or stably transfected JunD-NULL-2 (vector or JunD G42E ) displayed some lack of cell adhesion at confluency, and detached from the culture plate on or after day 4 of analysis; consequently, these growth curves were moderately variable, but the comparisons (data not shown) were similar to those in 0.5% FCS.
The terms ''transformed-like'' or ''transforming-like'' are applied herein to fibroblasts with some if not all of the following: accelerated proliferation, ability to proliferate in 0.5% FCS, spindle-shaped refractile morphology, lack of contact inhibition (cells pile up), focus formation, and colony formation in soft agar (21) . These terms imply that proliferation rate or morphology alone cannot be used for prediction of all aspects of transformed behavior (21) .
As reported previously (15) , JunD
immortalized fibroblasts showed some transformed-like features, specifically, a spindlelike morphology, and a tendency to pile up at high-cell density (Fig. 2D ). In the current analysis they also formed small colonies in soft agar (data not shown). mJunD overexpression in JunD Ϫ/Ϫ immortalized fibroblasts (JunD-NULL-2-JD-4 and JunD-NULL-2-JD-6) resulted in a different morphology with flattened highly spread cells (Fig. 2E) , which did not pile up and did not form colonies in soft agar. In contrast, mJunD G42E overexpressing lines (JunD-NULL-2-G42E-4 and JunD-NULL-2-G42E-6) differed from the parental JunD-NULL-2 in that they formed foci (Fig. 2F) , and they were similar to JunD-NULL-2 in forming small colonies in soft agar.
Stable Overexpression of mJunD in Men1-Null Cells: Proliferation and
Morphology. Given the opposite effects of mJunD and mJunD G42E on proliferation and morphology in JunD Ϫ/Ϫ immortalized fibroblasts (above), it seemed possible that the negative effect of JunD on growth indices depended on its binding to menin. To test this hypothesis further, vector or mJunD were stably transfected into Men1 ϩ/ϩ immortalized fibroblasts (Men1-WT-10) and into two independent Men1 Ϫ/Ϫ immortalized fibroblasts (Men1-NULL-17 and Men1-NULL-41). cJun was transfected into Men1-WT-10 for comparison. Levels of the transfected Jun proteins are shown (see Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org).
In low serum (0.5% FCS), the proliferation of Men1-WT-10 cells transfected with vector or mJunD was slow, but was faster in the cJun-transfected line Men1-WT-10-JC4 (with highest cJun expression; data not shown). In 10% FCS, the proliferation of all three mJunD-transfected lines (Men1-WT-10-JD2, Men1-WT- 10-JD3, and Men1-WT-10-JD4) was slower than vectortransfected controls, but faster in Men1-WT-10-JC4 (Fig. 3A) . In both 0.5% (data not shown) and 10% FCS, mJunD transfection into Men1-NULL-17 and Men1-NULL-41 caused no inhibition or increase of proliferation ( Fig. 3B ; Men1-NULL-17; data not shown), and contrasted with the inhibition observed in Men1-WT-10 (Fig. 3A) .
Compared with vector-transfected Men1-WT-10 ( Fig. 3C ), Men1-WT-10 overexpressing mJunD showed a more flattened and highly spread morphology (Fig. 3D) ; in contrast, cJun overexpressing cells were highly refractile and piled up to form foci (see Fig. 6A , which is published as supporting information on the PNAS web site). Consistent with previous reports for NIH3T3 fibroblasts, vector-transfected Men1-WT-10 or Men1-WT-10 overexpressing mJunD did not form colonies in soft agar, and Men1-WT-10 overexpressing cJun (Men1-WT-10-JC4) formed small colonies in soft agar (Fig. 6B and refs. 12 and 22) .
Men1-NULL-17 ( Fig. 3E ) stably overexpressing mJunD was highly elongated and had a highly refractile morphology, piled up, but did not form foci (Fig. 3F) or colonies in soft agar (data not shown). Men1-NULL-41 (Fig. 3G ) stably overexpressing mJunD was slightly elongated, piled up to form foci (Fig. 3H) , and formed colonies in soft agar that were larger than the colonies of the parental Men1-NULL-41 (see Fig. 7 , which is published as supporting information on the PNAS web site). The more modest effect on transformed-like morphology from JunD overexpression in Men1-NULL-17, as compared with that seen in JunD overexpressing Men1-NULL-41, could be due to the difference in the expression level of the transfected mJunD (Fig.  5) , or due to the presence of some greater inherent transformedlike characteristics in Men1-NULL-41. Overall, mJunD overexpression caused both Men1-NULL-17 and Men1-NULL-41 to show shifts in the same direction; i.e., toward a more transformed-like morphology.
Cyclin D1 Expression. Overexpression of JunD in immortalized fibroblasts arrests cells at G 0 -G 1 (12) and increasing the JunD:cJun ratio decreases cyclin D1 expression (23) . Cyclin D1 levels were investigated alongside other growth-related indices. Cyclin D1 protein levels were measured in cells grown exponentially, serum deprived, or grown in medium with 20% FCS after synchronization by serum deprivation. The results are shown in Table 1 , and Fig. 8 , which is published as supporting information on the PNAS web site. As expected, cyclin D1 protein expression in JunD-WT cells decreased after serum deprivation and increased after serum addition. In agreement with previous results (15) , JunD Ϫ/Ϫ immortalized fibroblasts expressed higher cyclin D1 levels than did wt immortalized fibroblasts. In JunD Ϫ/Ϫ immortalized fibroblasts overexpressing mJunD, serum stimulation failed to increase cyclin D1 (a result similar to wt immortalized fibroblasts overexpressing mJunD). However, with overexpression of missense mutant mJunD G42E in JunD Ϫ/Ϫ immortalized fibroblasts, cyclin D1 level was higher under all conditions. Men1-WT-10 vector controls, like JunD-WT, showed decrease of cyclin D1 after serum starvation and increase of cyclin D1 after serum stimulation. Again, as expected, Men1-WT-10 overexpressing mJunD (Men1-WT-10-JD4) failed to increase cyclin D1 after serum stimulation. However, the cJun overexpressing line (Men1-WT-10-JC4) showed highly increased cyclin D1 that remained high on serum starvation.
Compared with Men1-WT-10 vector controls, Men1-NULL-17 and Men1-NULL-41 vector controls showed considerably higher levels of cyclin D1. Unlike Men1-WT-10 overexpressing mJunD, Men1-NULL-17 overexpressing mJunD retained the ability to increase cyclin D1 further on serum stimulation; similarly, in Men1-NULL-41, overexpression of mJunD did not decrease the sustained high levels of cyclin D1 observed under any condition.
Natural JunD Mutations in Tumors.
The assembled findings about proliferation, morphology, and cyclin D1 indicate that a JunD missense mutant with disabled JunD-binding to menin is a growth promoter. Endocrine tumors were tested to determine whether similar natural JunD missense mutation could contribute to tumorigenesis. Thirty non-MEN1 parathyroid tumors (20) , eleven insulinomas, and six gastrinomas were analyzed for mutations in the N-terminal menin-binding region of JunD (amino acids 1-100). No mutation or polymorphism was detected.
Discussion
The Jun proteins are highly conserved, particularly in their C-terminal basic DNA-binding domain and adjacent bZIP dimerization domain. They are also conserved in several transactivation domains (1). They thus share extensive homology, except in the 95-aa N-terminal region (24) . This region has been speculated to account for striking functional differences between JunD and other Jun proteins (25) (26) (27) . This region, and specifically amino acids 41-44 (in mJunD), is essential for JunD binding to menin (11, 28) . The current findings indicate that the contrasting effects of JunD and cJun on growth indices (cell proliferation, cell morphology, and cyclin D1 levels) likely result from their contrasting interactions with menin at or near to these N-terminal sequences.
Selected biochemical aspects of menin's repression of JunD transcriptional activity have been explored previously (5, 29, 30) . The current studies are directed at JunD's far downstream effects as modified by menin. The effects on any of the three growth indices induced by JunD Ϫ/Ϫ , Men1 Ϫ/Ϫ , or the overexpression of wt or mutant mJunD in various genotypes are summarized (Fig. 4) . Homozygous knockout of either JunD or Men1 alone caused increased growth, supporting prior evidence that either gene might be a growth suppressor (8, 12, 22) . The effect of JunD or menin to down-regulate growth indices is not proof for participation of menin in JunD action. However, the fact that this decrease was actually reversed by a missense mutant of JunD unable to bind menin suggests that the growth suppressor effect of JunD depends on a critical function (perhaps binding to menin) involving the mutated JunD codon. Last, the increase in growth indices of menin-null immortalized fibroblasts overexpressing wt mJunD points strongly to menin as the critical partner at or near mJunD codon 42, a partner required for JunD to act as a growth suppressor.
The effects of JunD and menin on cyclin D1 expression also paralleled their effects on cell proliferation and morphology. The AP1 site in the cyclin D1 promoter can bind several AP1 proteins, including JunD (31), and could even be the critical site for the direct action of JunD with menin. However, in preliminary experiments, we did not observe any significant effect of menin on mJunD-mediated or mJunD G42E -mediated transactivation of a reporter construct containing a 1.8-kb region of the human cyclin D1 promoter (data not shown). The current experiments do not address whether cyclin D1 is a mediator or a bystander in the JunD-menin actions on growth. Similarly, even an indirect effect of JunD on the cyclin D1 promoter does not affect considerations herein about JunD-menin downstream expressions. In the current experiments, a transforming-like effect of JunD was unmasked whenever its binding to menin was prevented; i.e., in a menin-null background or in a JunD missense mutant with disabled binding to menin. Menin thus appears to switch JunD's effect on growth toward the opposite direction (Fig. 4) . Such a regulatory mechanism as found for JunD could extend, through different processes, to other AP1 proteins. This switching concept arises, in part, from standard terminology for cell growth. This result need not imply a new and opposite activity. More simply put, it could reflect a semantic constraint in defining the true basal point, which could alternatively be conceptualized at the extreme of ''suppressed.'' JunD may not normally exist in a ''native'' form, but only as a complex with menin. To date, menin-null immortalized fibroblasts and certain tumors that are menin-null or menininactivated are the only cells known to express JunD without a complex involving menin. Natural mutations or posttranslational changes within the N terminus of JunD could also disrupt the binding to menin. No such mutations have been reported, and none were found on limited testing in the current analysis.
JunD germ-line or somatic mutation has not been proven to contribute to tumorigenesis in vivo. In particular, JunD mutation has not been identified in a human tumor (above). Furthermore, counter to the paradigm of a simple 1:1 pairing of menin and JunD, the phenotypes of Men1 or JunD knockout are very different. That is to say, the Men1 ϩ/Ϫ mice develop features remarkably similar to those in human MEN1 (18) (17) .
In conclusion, the finding that JunD is converted from a growth suppressor to a growth promoter when it is unable to bind menin provides insights about both JunD and menin. JunD can now be grouped with other AP1 proteins as a positive regulator of cell proliferation. These findings resolve a puzzle that a tumor suppressor (menin) might inactivate another growth suppressor (JunD). It is now evident that JunD and menin together form a growth suppressor unit. This unit can also be formulated as a combination of a growth promoter (native JunD) and a growth suppressor (menin). Established mechanisms for loss of function of this unit include either of two categories of inactivating mutation of menin (i.e., menin loss or disabling of menin's ability to bind to JunD) or missense mutation of JunD that disables JunD binding to menin.
